The ileS-lsp operon in Escherichia coli is located at 0.5 min on the E. coli genetic map (17). The operon consists of ileS, the structural gene for isoleucyl-tRNA synthetase; Isp, the gene that encodes prolipoprotein signal peptidase (4, 26); and three open reading frames designated x (8), orf949, and or9316 (11). Gene x encodes a soluble protein with an apparent Mr of 35,000. The gene products of or9749 and or9316 have not been identified. Signal peptidase II (SPase II), an inner membrane enzyme, cleaves lipid-modified prolipoprotein to form apolipoprotein, which is further modified by N-acylation to yield mature Braun's lipoprotein (22). Although there is no apparent physiological connection between the activation of isoleucine by isoleucyl-tRNA synthetase and the proteolytic cleavage of lipid-modified prolipoprotein by SPase II, these two genes are cotranscribed with the three open reading frames in the operon. In a previous paper, we showed that all five of these genes present in the E. coli ileS-lsp operon were also found in Enterobacter aerogenes in the same order as in E. coli (6).
The ileS-lsp operon in Escherichia coli is located at 0.5 min on the E. coli genetic map (17) . The operon consists of ileS, the structural gene for isoleucyl-tRNA synthetase; Isp, the gene that encodes prolipoprotein signal peptidase (4, 26) ; and three open reading frames designated x (8), orf949, and or9316 (11) . Gene x encodes a soluble protein with an apparent Mr of 35,000. The gene products of or9749 and or9316 have not been identified. Signal peptidase II (SPase II), an inner membrane enzyme, cleaves lipid-modified prolipoprotein to form apolipoprotein, which is further modified by N-acylation to yield mature Braun's lipoprotein (22) . Although there is no apparent physiological connection between the activation of isoleucine by isoleucyl-tRNA synthetase and the proteolytic cleavage of lipid-modified prolipoprotein by SPase II, these two genes are cotranscribed with the three open reading frames in the operon. In a previous paper, we showed that all five of these genes present in the E. coli ileS-lsp operon were also found in Enterobacter aerogenes in the same order as in E. coli (6) .
Braun's lipoprotein and homologous lipoproteins appear throughout the gram-negative bacteria (reviewed in reference 24). In a study by Nakamura et al. (16) , antisera raised against E. coli Braun's lipoprotein cross-reacted with homologous lipoproteins in all members of the family Enterobacteriaceae tested, but no cross-reactivity was observed with Pseudomonas aeruginosa and with three other nonenteric bacteria. These results indicated that the homolog of Braun's lipoprotein in P. aeruginosa, lipoprotein I (14) , is antigenically unrelated to those in enteric bacteria. Although glyceride-modified cysteine has not been unequivocally demonstrated in P. aeruginosa lipoprotein, glycerol and fatty acid incorporations into lipoprotein I (14) and lipoprotein H, a peptidoglycan-associated lipoprotein (13) , have been detected. A recent study by Duchene et al. (2) has shown that in lipoprotein I, the amino acid sequence at the SPase II cleavage site is Leu-Ala-Thr-Gly-Cys-Ser-Ser, which is very similar to the Leu-Ala-Gly-Cys-Ser-Ser sequence in E. coli Braun's lipoprotein. Therefore, although the lipoprotein substrates of SPase II may be antigenically unrelated among the gram-negative bacteria, the recognition site for prolipoprotein modification enzymes and SPase II appears to be similar and may be a conserved feature. Consequently, SPase II may also be a conserved enzyme among these bacteria.
Pseudomonic acid, a competitive inhibitor of isoleucyltRNA synthetase (3), is lethal for E. coli; in contrast, it does not inhibit isoleucyl-tRNA synthetase from Pseudomonas fluorescens, which produces the antibiotic. We obtained from Beecham Pharmaceuticals an E. coli strain containing a cloned ileS gene from P. fluorescens on pBROC128 that conferred increased pseudomonic acid resistance on the E. coli strain (M. Bumham and D. Winstanley, personal communication).
In this study, we identified the presence of the P. fluorescens lsp gene on plasmid pBROC128 and determined the nucleotide sequence of the Isp gene and its flanking genes to ascertain whether those genes composing the E. coli ileS-lsp operon are also present in pBROC128. We compared the DNA sequences of the Isp gene in E. coli, Enterobacter aerogenes, which is closely related to E. coli, and P. fluorescens, which is not an enteric bacterium and is only distantly related to E. coli. This comparison enabled us to determine the highly conserved regions of the lsp gene which may correspond to the amino acid sequences involved in the catalytic and/or recognition site(s) of SPase II.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this work are listed in Table 1 . All bacteria were routinely grown on proteose-peptone-beef extract (PPBE) medium. Ampicillin was used at a concentration of 50 ,ug/ml. DNA manipulations. Genomic and plasmid DNA were isolated by methods described by Silhavy et al. (18) . Ligations were performed in low-melting-point agarose (19) . Competent cells for transformation were prepared by CaCl2 treatment, and competent E. coli DH5a cells were pur- Fig. 2 and 3 will appear in the EMBL/GenBank cloned into both pUC18 (yielding pSF2518) and pUC19 (yielding pSF2519), this failure to display increased resistance by pSF2518 clones was apparently due to the insert being cloned in the orientation opposite to that of the lac promoter on the vector. These results with pSF2518 and pSF2519 indicate that a P. fluorescens promoter for Isp expression either is absent from the insert or is not functional in E. coli.
Expression of the P. fluorescens ileS gene was analyzed by two procedures. First, to determine whether functional isoleucyl-tRNA synthetase was made, the plasmids were transformed into E. coli 331c-to complement the ileS(Ts) mutation in this strain. A second assay, using pseudomonic acid, was performed to detect activity of P. fluorescens IleS. Pseudomonic acid is a competitive inhibitor of isoleucyltRNA synthetase with respect to isoleucine. Of the clones tested, only pBROC128 complemented the temperaturesensitive mutation in strain 331c-and showed increased resistance to pseudomonic acid. These results indicated that only the original clone, pBROC128, carried sufficient genetic information to encode functional isoleucyl-tRNA synthetase and that this gene is expressed in E. coli (Table 2) .
Nucleotide sequence analyses of pBROC128 subclones. The sequencing strategy of Isp and of its flanking genes is shown in Fig. 1 . The insert on pSF2518 was found to consist of 2,396 bp and was sequenced in both directions except for about 200 bp at the 3' terminus of the insert. Plasmid pSF2518 was found to contain all of the Isp and orfl49 genes and 540 nt of orf316 (Fig. 2) . pSF10 and pSF15 (Fig. 1) were sequenced to determine the presence of gene x and of a promoter and, when gene x was detected, to determine the junction between x and ileS. All five genes homologous to the E. coli operon, x-i1eS-1sp-orfl49-orJ316, were present on pBROC128 and the same order as in E. coli ( Fig. 2 and 3) . At the DNA level, the homologies ranged from 49% for orfJ49 to 67% for the 5' terminus of ileS, while the amino acid homologies ranged from 63% for x and Isp to 81% for the N-terminal region of orJ316 (Table 3 ). The translation products of P. fluorescens x, Isp, and orfl49 are predicted to be proteins composed of 312, 170, and 150 amino acids, respectively. These proteins are similar in size to the E. coli x, Isp, and orfl49 gene products, which are composed of 311, 164, and 149 amino acids, respectively.
The nucleotide sequences at the intercistronic junctions reveal many similarities and important differences between the E. coli and P. fluorescens x-i1eS-1sp-orfl49-orJ316 gene regions ( Table 4) . The x-ileS junctions in both organisms are similar. At the second junction, the E. coli lsp, ATG is nested within TGATGA, which functions as stop signals for ileS translation. In P. fluorescens, the initiation ATG of Isp is upstream of the stop TAA sequence of ileS. This arrangement occurs again at the Isp-orfl49 junction in P. fluorescens, where the translation initiation and stop sequences are separated by two nucleotides. The junctures of the E.
coli Isp-orfl49 and the P. fluorescens orfl49-orf316 appear similar in that the stop and start sequences are separated by 121 and 177 nucleotides, respectively. This spacing is sufficient to impose stem-loop structures between these genes (Fig. 2) . It is not known, however, whether these secondary structures function as termination signals.
The hydropathic index for the deduced amino acid sequence (Fig. 4) of the Isp gene from P. fluorescens was examined by the Kyte and Doolittle (9) algorithm. The plots of SPase II from all three organisms were strikingly similar (data not shown), and four hydrophobic domains were discerned for P. fluorescens (Fig. 4) . These regions, which are composed mainly of hydrophobic residues, presumably represent the transmembrane regions similar to those postulated for E. coli (4) . Depicted in Fig. 5 is a schematic model of the SPase II molecule embedded in the cytoplasmic membrane. When the SPase II amino acid sequences of P. fluorescens, E. coli, and Enterobacter aerogenes are compared, two highly homologous regions are identified (domains I and II in Fig. 4 ). In the model, these two regions are located on opposing domains within the periplasm. The postulated topology of SPase II is supported by recent evidence of Muiioa and Wu (F. Munioa and H. C. Wu, FASEB J. 4:A2245, 1990), who employed PhoA-SPase II and ,-galactosidase-SPase II fusions. Although it is tempting to speculate that these two domains fold to form one active site, the possibility that these two domains represent two separate active sites for binding and catalysis cannot be excluded. Aside from these two regions of high homology, there are four regions of significant hydrophobicity, a requirement imposed by the membrane in which this enzyme is located.
The ileS-isp operon in P. fluorescens. Nucleotide sequence analyses and DNA comparisons with the E. coli ileS-isp operon indicate that the genes that compose the E. coli operon are also present in P. fluorescens in the same order. Since pBROC128 was constructed by cloning a 5.8-kb DNA fragment into the ClaI site of vector pAT153 (23), the tetracycline promoter on the vector was inactivated and thus unavailable for transcription of the P. fluorescens genes. That expression of the ileS and Isp genes on pBROC128 occurred indicates that these genes were probably transcribed by an endogenous promoter. Examination of sequences upstream of the translation start site of the P. fluorescens x gene revealed a TATAAT (Fig. 3) , which corresponds with the consensus sequence for the -10 RNA polymerase-binding domain of constitutive E. coli promoters (15) . However, a -35 region in P. fluorescens was not as easily detected. Three putative -35 elements which differed significantly from the E. coli consensus, TTGACA, were located 15, 18, and 22 nt upstream of the -10 region. The predicted strengths of these potential promoter sites were calculated by using the program described by Mulligan et al., which compares a given sequence to that of the "ideal" promoter (15) . The values obtained for the -35 elements located 15, 18, and 22 nt upstream in combination with the -10 region were 40, 44, and 50%, respectively (15 other regions corresponding to the E. coli site 2 promoter located within the x gene and the Isp internal promoter, were examined for near consensus promoter sequences; however, none were detected by inspection of the DNA sequences. Unlike those of E. coli and Enterobacter aerogenes, the P.
fluorescens Isp promoter is either absent or not functional in E. coli.
The intervening sequences between Isp and orfl49 in E. coli and between orfl49 and orJ316 in P. fluorescens (Fig. 2) suggest formation of stem-loop structures which may function as transcription termination signals. Miller et al. (11) detected an i1eS-isp cotranscript which apparently terminated in this region in E. coli. Since the intervening sequences in P. fluorescens occur after orfJ49, we predict that a longer transcript which terminates after orfJ49 will be detected.
